Abstract -Magnetic resonance imaging characteristics of novel potential drug delivery agents are investigated. Candidate carriers considered in this study are iron-cobalt (Fe-Co) nanoparticles, magnetotactic bacteria (MTB), and magnetite (Fe 3 O 4 ) microparticles. The micro and nanoparticles are highly magnetic and can be steered using gradient coils. MTB, on the other hand, are microorganisms that naturally follow the magnetic field lines through a mechanism called magnetotaxis. These carriers share the capability to be controlled by magnetic field and to be detected on MR images.
INTRODUCTION
Many strategies have been proposed to target anticancer agents to tumors using magnetic carrier particles. Generally, nano or micro magnetic particles are injected upstream with the blood flow and captured using an applied local magnetic field [1] . Magnetic Resonance Imaging (MRI) has the advantage to be sensitive to magnetic particles and thus could be used as a guiding as well as a monitoring tool. In fact, the possibility to use MRI gradients as a means of propulsion for microdevices in blood vessels has already been proven by automatic navigation of a ferromagnetic particle along a predetermined path in vivo [2] , [3] . Magnetic particles affect the longitudinal relaxation time (T 1 ) and transversal relaxation time (T 2 ) of the protons in their vicinity helping to achieve a pronounced contrast with regard to tissue lacking these compounds. The magnetic properties of the carrier as well as its dimension are the most important factors affecting the MR-images properties. In this study we investigate T 1 and T 2 weighted MR-images of Fe-Co nanoparticles, Fe 3 O 4 microparticles and magnetotactic bacteria (MTB).
Microparticles could mimic a biodegradable micro carrier loaded with nanoparticles. MTB contain an intracellular magnetite chain (Fe 3 O 4 ) [4] , they are self-propelled and could potentially reach deep tumor area as it is the case with other type of bacteria [5] . For complementary purpose, these carriers can be integrated in a single device. As a matter of fact, different imaging parameters must be considered regarding the nature of the magnetic particles to be used.
II. MATERIALS AND METHODS

A. Fe-Co Nanoparticles Preparation
Different concentrations have been prepared for each material. Fe-Co nanoparticles coated with oleic acid were provided by Inorganic Chemistry III Laboratory of Bielefeld University (Germany) [6] . The metal content was 25 mg/ml and the ratio was Fe/Co = 1:1. Mean nanoparticles diameter was 2.9 nm. The nanoparticles were stabilized in a hexane solution used as medium for imaging experiments. Five samples of 1 ml were prepared with concentrations, 9.375 mg/ml, 12.5 mg/ml, 18.75 mg/ml, 21.875 mg/ml, and 25 mg/ml.
B. MTB Preparation
MTB has been grown for 10 days in 1.5 liters of liquid medium [7] . The bacteria were concentrated by centrifugation into a final volume of 100 ml. Five different samples where prepared by adding 10%, 30%, 50% and a 70% of the medium to the concentrated solution. Qualitative observation of bacterial motility and response to the magnetic field before and after concentrating was performed using a Zeiss Imager.Z1 microscope in order to validate the vitality and magnetotaxis after centrifugation.
C. Fe 3 O 4 Microparticles Preparation
The (m sat = 92emu/g) inside the particles is above 90%, corresponding to a minimum particle magnetic moment of 82.8 emu/g. Five samples of 1 ml were prepared with concentrations 0.19 mg/ml, 0.25 mg/ml, 0.33 mg/ml, 0.44 mg/ml, 0.59 mg/ml. The control sample, without magnetic particles, was prepared by centrifugation of a magnetite suspension vial and retrieving 1 ml of suspending DI water. A 1 ml of every sample of the three materials was inserted into a 2 ml Progene microtube prior to MR-imaging.
D. Fe 3 O 4 Microparticles Preparation
Images were run under a Siemens Avanto 1.5 T scanner using the wrist antenna. 
III. RESULTS
A. T1-contrast
Fe-Co nanoparticles show a signal enhancement in T 1 weighted images as the concentration of the magnetic particles is increased as depicted in Figure 1a . Fe 3 O 4 microparticles, however, cause a blurring on T 1 weighted images as depicted in Figure 1c . This image artifact is in part caused by the fact that we vortexed the samples since the microparticles tend to aggregate in the solution. Samples containing MTB show signal enhancement compared to the medium in T 1 -weighted images as depicted in Figure 1b . However, this signal enhancement didn't change significantly with higher cell concentrations.
B. T 2 -contrast
The effect of the magnetic particles that we imaged is more evident on T 2 -weighted images than T 1 -weighted images. As depicted in Figure 1d , Fe-Co nanoparticles cause a signal loss for higher concentration. The same phenomena is observed for the MTB samples, as the concentration of bacteria increases, the signal decay becomes important and a severe signal loss in T 2 weighted images is observed as given by Figure 1e 
2.
C. T2-relaxation Curves
The T 2 relaxation time for different concentrations of nanoparticles and MTB were calculated from signal ratio measurements as depicted in table 1. T 2 -relaxation curves are plotted in Figure 3 . Because of the severe signal loss, the T 2 relaxation value was not calculated for the Fe 3 O 4 microparticles. However a rough estimate was calculated for the medium and the two less concentrated samples as depicted by Figure 3c .
IV. DISCUSSION
In the prospect of drug delivery applications, the problematic related to the MR-tracking depends on the concentration of the magnetic particles, their size as well as their magnetization. In the case of ferromagnetic microparticles, if the concentration is high, image artifact can cause misleading steering procedure causing drug delivery particles to miss a specific or target arteriole entry. In this particular case, an off-resonance sequence [9] would perform better for tracking purpose than T 1 or T 2 contrast. T 1 contrast can be effectively used after the agglomeration of microparticles diffuses through the arterioles-capillaries network. Nanoparticles and MTB cause moderate T 1 and T 2 change allowing them to be efficiently tracked at high concentrations but less at low concentrations.
The T 2 relaxation curves of Figure 2a help to find the echo time that gives the best contrast between tissues containing the magnetic particles and the surroundings. We can notice that the distance between the relaxation curves for different concentration of MTB becomes larger for higher echo time, which is not the case for the concentrations used for Fe-Co nanoparticles.
Estimate of magnetic particles concentration could be obtained by inverting the mathematical relation between the relaxation times and the relaxivity of the compound given by
where ,0 i T (s) is the relaxation rate of the medium, c (mg Fe/mL) is the concentration of the magnetic particles and i α is the relaxivity expressed in ms -1 (mg Fe/mL) -1 a property specific to the contrast agents [10] .
These particles are investigated to mimic the behavior of polymeric microparticles loaded with magnetic nanoparticles and drug for cancer treatment. Magnetic properties of these microparticles can be very interesting for tracking their displacement in the blood vessels and their accumulation in organs. The magnetic signal allows us to know where the majority of drug is released in the body. For controlling the release of the drug, the polymeric matrix can be degradated by time [11] or by thermal effects [12] . In the case of polymeric microparticles loaded with high quantity of magnetic nanoparticles, it can be possible to control microparticles accumulation in a targeted organ by using strong magnetic gradients. For this application it is necessary to determine the quality of images generated by magnetic microparticles. Fe 3 O 4 microparticles tested generate artefacts on MRI images. Despite that the magnetization of these microparticles is higher than one's obtained with polymeric microparticles loaded with iron oxide nanoparticles [13] , image distortions have to be solved before in vivo trials. Furthermore, our team has already developed a tracking method based on the magnetic signature of a ferromagnetic core. The method has to be updated for a high concentration of magnetic microparticles suspensions.
Iron cobalt nanoparticles produce excellent negative contrast. This result is in good agreement with previous ones reported in the literature [14] . Iron cobalt nanoparticles surface can be modified by adding antibody ligands for cancer diagnostic. One major advantage for using these nanoparticles is that the injected dose can be less than iron oxide nanoparticles. Iron cobalt nanoparticles can be incorporated in polymeric micelles for drug delivery system [15] .
MTB has the advantage to be self propelled and only need weak field in order to be oriented. However, the thrust of these microorganisms is estimated to be 4 pN [16] , which mean that the blood flow is too high to be supported by the MTB. One solution to this problem is to use the MTB at the same time as the emboli-magnetic particles, such as the Fe 3 O 4 microparticles used in this study. In this case, MTB will help to uniformly invade the tumor while the emboli-particles will stop the blood flow to the tumor.
V. CONCLUSION
These materials offer different magnetic properties, strategies for navigation and imaging parameters that can be combined in a single application where MRI could play a key role in a delivery procedure. Furthermore, T 1 and T 2 relaxivity values must be measured in order to relate the relaxation parameters to the concentration of the carrier.
